Ultrasound is one of the oldest imaging modalities. Sound waves are emitted into the body, and the returning echoes can be interpreted. It has become widely used because it can easily be done at bedside with a relatively small apparatus and does not expose the patient to any ionizing radiation. While this technique has seen widespread acceptance in other fields such as cardiology or obstetrics and gynecology, the general use in ophthalmology has been somewhat limited. However, recent advancements in ultrasonic arrays can be a powerful tool in the evaluation of ophthalmic pathology. Such systems can quickly generate very high detail images and 3D reconstructions without the need for extensive manual scanning. The application of this technology includes evaluation of traumatic eye injuries; assessing presence and location of an intraocular foreign body; evaluation of intraocular tumors, including small tumors that have not yet caused visual distortion; evaluation of retinal detachment; and evaluation of vascular disease. The goal of this article is to briefly review the history and development of ultrasound and to provide an overview of the most current systems and applications of ultrasound use in ophthalmologic clinical evaluation.
Introduction
One of the most common and well recognized technologies in modern medicine is ultrasonography. Its use has been used in many medical fields, and new methods and devices using ultrasound are frequently emerging. While there have been many recent advancements, ultrasound has a rich history dating back centuries.
Some consider the earliest investigation into ultrasound beginning with the ancient Greeks [1] . Pythagoras invented the sonometer to study music; Boethius compared the waves generated by dropping a pebble into water to sound waves.
In 1880, French scientists and brothers, Pierre and Jacques Curie, discovered piezoelectricity [2] . When certain materials (such as some crystals) are exposed to an electric field they undergo mechanical changes. The reverse is also true: when piezoelectric materials have mechanical force exerted on them they generate an electric charge. Thus, these crystals can both transmit and receive sound. Such piezoelectric devices are the basis of ultrasound transducers [3] . When voltage is applied to the transducer sound waves are emitted; when the reflected waves are
Ultrasound use in ophthalmology
In the 1950s, ultrasound was first used in ophthalmology and optometry [7, 8] . These early explorations aimed at using measurements of the depth and velocity of sound waves in the eye to try to distinguish various conditions. This type of ultrasonography is known as A-scanning (amplitude scanning). Further advances in the 1960s used A-mode scanning to better measure the length of the eye, distances within the eye [9] , and visual axis of the eye [10] . The axial A-scanning was also used to help determine intraocular lens power [11] . Diagnostic A-scan works by emitting a sonic pulse and measuring the time and amplitude of the echo. This information can then be interpreted to give information on the number of interfaces the wave has passed through. For example, the waveform produced from passing through normal structures of the eye versus a hemangioma versus a more solid lesion will all look different [7] . While A-scanning can give important data on some basic characteristics of the eye, such as lens power and length of the eye, it does not produce a visual re-creation of internal ocular structures. Because of this, its use is somewhat limited and must be combined with B-scan (Figures 1 and 2) .
Another valuable application of ultrasound is the use of Doppler flow ultrasonography. Doppler was a physicist and astronomer in the mid 1800s who demonstrated that blue stars appeared that color because they were moving toward the observer while red stars appeared red because they were moving away from the observer [12] . This became known as the Doppler effect, and held true not only for electromagnetic waves but also acoustic waves; thus, the Doppler effect can be applied to ultrasound to help measure the magnitude and direction of flow.
Doppler found early application in cardiology, where the evaluation of flow was obvious [13, 14] . Doppler ultrasound soon found other applications, though. It proved useful in monitoring and measuring peripheral vasculature [15] [16] [17] [18] . This proved useful for applications such as detecting tumor neovascularization [19, 20] and evaluation for ectopic pregnancy [21] .
A Brief Overview of Ophthalmic Ultrasound Imaging DOI: http://dx.doi.org /10.5772/intechopen.83510 Doppler ultrasonography was also shown to be useful in estimating the degree of stenosis in vasculature, which proved especially useful in evaluating carotid artery disease [22] . This is of special interest because the ophthalmic artery is the first branch of the internal carotid artery, and disease affecting the internal carotid has the propensity to affect ocular vasculature either indirectly secondary to decreased flow or directly through embolism of atherosclerotic plaque [23] . Doppler was also shown to be helpful in diagnosis and evaluation of open angle glaucoma [24] . Doppler has also been used in ophthalmology to evaluate the ocular fundus [25] and flow through the retinal artery [26] .
While A-mode scanning and Doppler flow ultrasound had their specific uses, B-mode scanning was explored more broadly. Devices became more accessible with handheld transducers and options to attach to a TV screen for viewing [27, 28] . In addition, differently shaped probes were developed to aid in imaging for different surface areas or structures [29] . B-mode proved an invaluable tool for evaluating intraocular foreign bodies, masses, hemorrhage, retinal detachment, and congenital abnormalities. It was first pioneered in ophthalmology Baum and Greenwood [30] , and the first ocular specific probe was produced by Bronson [27] .
One of the first ways B-mode ultrasonography was used in ophthalmology was for evaluation of an opaque eye [30] . For example, if there is a potential foreign body in the eye and there is clouding of the cornea or lens, the object may not be able to be observed directly. Furthermore, if it is radio-opaque, it will not be visible via X-ray. This makes ultrasound an excellent modality for evaluation in such instances. Another advantage is that ultrasonographic evaluation of the eye can be done bedside with the need for minimal equipment, making it ideal for traumatic evaluation [31] [32] [33] .
B-mode was also used early on for evaluation of intraocular tumors [34] [35] [36] . Similar to the above example of foreign object location, if there is a soft tissue lesion that is in a position not easily visible by direct ophthalmoscopy or if there is clouding of anterior structures, such that a direct view is not possible, B-mode ultrasonography can aide in evaluation of intraocular soft tissue masses (Figure 3 ). This has been especially explored in the setting of diagnosing choroidal melanoma [37] . B-mode scanning can help ascertain the position, size, and height of ocular melanoma.
While early scans for evaluation of intraocular masses were focused on identifying presence and location, later research focused on better quantifying such tumors [38, 39] . By taking serial cross-sectional scans over the shape of the tumor, the shape and volume of the tumor could be estimated [40, 41] . This helped to improve evaluation and characterization of intraocular masses and guided radioactive plaque placement. A Brief Overview of Ophthalmic Ultrasound Imaging DOI: http://dx.doi.org /10.5772/intechopen.83510 Despite the many applications of ultrasonography for ocular evaluation, there are some limitations. The depth of penetration of ultrasonic waves is inversely proportional to the frequency used [42] ; a transducer using a 10 MHz frequency can penetrate 50 mm, where as a system using 60 MHz frequency will only penetrate 5 mm. Furthermore, the image resolution is limited by the frequency used, with higher frequency systems achieving higher resolution images. Ultrasonic imaging using high frequencies has been termed "ultrasonic microscopy" or "ultrasonic backscatter microscopy" (UBM) [43, 44] . Such systems use very high frequency waves (60-100 MHz) to achieve high resolution images at depths in the 4 mm range. This technique is ideal for high resolution imaging the anterior chamber, ciliary body and its structures, as well as parts of the peripheral retina [45] . Because images can get distorted at the close interface between the transducer and the object being imaged, eye-cup devices are used to create an offset distance between the transducer and the surface of what is being imaged (Figure 4) [42] .
The use of high frequency ultrasonic biomicroscopy has been applied in several ways. One study used UBM for tracking corneal changes related to the laser-assisted in-situ keratomileusis (LASIK) procedure [46] . 50 MHz scanning was used to map the cornea before and after LASIK. They showed that this technique was an accurate and feasible way to track changes in corneal shape and thickness following LASIK. Another application of ultrasonic biomicroscopy was the characterization of the lens [47] . By being able to better characterize the natural lens, more accurate synthetic lenses can be produced (Figure 5) . A similar approach was used to better categorize the ciliary body [48] . In contrast to anterior structures such as the cornea and lens can be easily evaluated via direct visualization with methods such as slit lamp examination, the ciliary body is obscured from direct visual view. Because of this, UBM is an ideal modality for evaluation of ciliary body pathology, small tumors in particular [49] [50] [51] . UBM has also been useful in identifying structural morphologies contributing to glaucoma, such as iris plateau syndrome [52] . These examples illustrate how high frequency, high resolution ultrasonic biomicroscopy can practically be applied to ocular evaluation and how this imaging can change practice and drive innovation. Despite advances in high resolution imaging and faster B-scanning, there were still limitations. One is that ultrasonic evaluation can be time consuming and the quality of the exam is dependent of how skillful the examiner is. Another limitation is that traditional B-mode scanning can only evaluate structures directly opposite to the probe and cannot provide information in the XY plane without 3D reconstruction. While 3D reconstruction was shown to be possible [40, 41] and could give information about the XY planes, such imaging required time consuming serial acquisition of small 2D image slices and subsequent reconstruction. This meant that while 3D reconstruction is possible, it is too cumbersome to be used frequently in the average clinical setting. Much research went into designing systems that were able to scan faster to produce more reliable 3D reconstructions of ocular models [53, 54] . This included using array systems that were able to image at both high frequencies and traditional frequencies to obtain a reconstruction with as much detail as possible at multiple depths [54] . As opposed to traditional A-mode and B-mode transducers which have a single piezoelectric element (and thereby a fixed depth of focus), arrays use a transducer with many elements (over 100) in each transducer head [55] .
Despite the valuable information that can be gained from an array system that utilizes both traditional and high frequency waves, such systems have not been readily adopted [56, 57] . One potential reason for the underutilization of high frequency systems may be because of the equipment constraints. Because array transducers require over 100 piezoelectric parts aligned in close proximity within a relatively small transducer head, the production is technically challenging [55, 58] . Moreover, the frequency generated is inversely proportional to the size and spacing of the piezoelectric elements [58] : lower frequency systems can use larger more widely spaced piezoelectric crystals.
A combined low and high frequency array system called the Vevo 2100 (VisualSonics, Toronto, Ontario, Canada) has been tested for use in ophthalmologic evaluation and shows promise [55] . This system uses an array transducer with 256 elements in each transducer head. By utilizing an array system, most of the imaged field can be kept in focus, allowing high-resolution real-time imaging. This system has two linear array transducer probes: a 25 MHz probe and a 50 MHz probe (Figure 6) . This system generates 3D reconstructions in seconds utilizing a mechanical motor for efficient scanning. A scan using the 50 MHz probe yields high definition data on the anterior eye structures, while a second scan using the 25 MHz probe will 
Example of UBM for visualization of anterior structures. Cornea indicated by (a), iris by (b), and ciliary body by (c). This technique can be used for measurements for intraocular lens placement, or to assess ciliary body tumors which would not be directly visible. Image used courtesy of Ellex.
A Brief Overview of Ophthalmic Ultrasound Imaging DOI: http://dx.doi.org /10.5772/intechopen.83510 produce data on the posterior segment and orbit. Each scan with 3D reconstruction takes about 10 seconds. An initial evaluation would be a scan with the 50 MHz transducer to assess anterior structures followed by a scan using the 25 MHz probe to image the rest of the eye. By choosing an appropriate transducer and frequency, the whole eye can efficiently be scanned, and a 3D reconstruction generated either from a specific area or the whole eye in less than 1 minute. In addition to generation of 3D reconstructions (Figures 7 and 8) , this system can perform several other scanning functions, including B-mode, M-mode, PW Doppler, Color Doppler, Power Doppler, Tissue Doppler, Contrast Mode, and Photoacoustic Imaging.
One important application of this system is in emergency evaluation of traumatic eye injuries. Traditional hand-held B-mode evaluation is an excellent tool for detecting foreign bodies but is not without risk. Extreme caution must be used when scanning an injured eye, which must be considered as a potential open globe. It is critical to avoid placing pressure and extruding intraocular contents through a penetrating wound. This system can perform a mechanized scan through a closed eyelid with a coupling medium. There is decreased risk of causing further injury to the eye. This feature, combined with the high-resolution 3D reconstruction, will provide detailed information in seconds on the extent of ocular injury, presence and position of a foreign body (Figure 9) .
This system is also useful for routine clinical outpatient evaluation. The 50 MHz transducer can provide a very high level of detail on eyelid, including Meibomian glands (Figure 10) , and anterior ocular structures: cornea, iris, ciliary body, and lens. Because of the very high level of resolution, it could be a powerful tool for assessing Meibomian gland disease. By using this scan routinely, small tumors or lesions behind the iris or in the choroid may be detected early, before they caused visual distortion or metastases. Small retinal detachments at the peripheral retina can also be detected using this transducer. This may be very helpful in children with retinal detachment.
In summary, the 50 MHz transducer can provide fine detail of anterior structures, a subsequent scan using the 25 MHz transducer can provide information on the remainder of the eye. This is useful for assessment in the setting of trauma, additionally it can also provide valuable information on retinal detachment, size and location of intraocular masses, and information on the optic nerve head drusen or edema. Because this system can provide simultaneous B-mode scanning and Doppler flow imaging, both anatomic assessment and evaluation of vascular disease of the optic nerve head can be performed. Doppler flow imaging can also be utilized to assess other vascular diseases, such as temporal arteritis (Figure 11) .
Overall, the Vevo 2100 system (VisualSonics, Toronto, Ontario, Canada) potentially is a powerful tool for emergency and routine evaluation of ophthalmic pathology. By utilizing an array system in the transducer head, real-time images well focused throughout the scan may be obtained. The mechanical scanning function can produce 3D models in seconds with decreased risk of expulsion of A Brief Overview of Ophthalmic Ultrasound Imaging DOI: http://dx.doi.org/10.5772/intechopen.83510 ocular contents following trauma. These 3D reconstructions provide information in planes traditional B-scanning methods cannot assess. The level of detail produced using this system can provide information on a wide array of ocular disease, from Meibomian gland, evaluation of intraocular tumors or foreign bodies, vascular diseases affecting the optic nerve head, glaucomatous cupping, drusen and optic nerve edema as well as orbital tumors (Figure 12 and Table 1 ).
Clinical uses of ocular ultrasonography

Use Clinical comment
Intraocular foreign bodies (see Figure 9 )
• Ideal for emergent evaluation of traumatic eye.
• Can detect objects in periphery (not easily seen on direct visualization).
• 3D reconstruction can yield detailed information on size and location.
Intraocular tumors (see Figure 3B )
• Useful in diagnosing intraocular soft tissue masses.
• Can detect malignant melanoma.
Vascular disease • Doppler can be used to assess flow through ocular vasculature.
• Evaluate condition of retinal artery.
• Evaluation of temporal arteritis.
Ciliary body pathology (see Figure 5 )
• UBM provides fine level of detail.
• Can be used to assess ciliary body disease.
• Can detect ciliary body tumors that cannot be directly observed.
Structural changes in glaucoma (see Figure 12 )
• Detect iris plateau syndrome.
• Assess glaucoma drainage devices.
• Measurement of anterior chamber depth.
• Evaluate optic nerve cupping.
Evaluation of an opaque eye (see Figure 3A )
• Evaluation of pathology that could ordinarily be directly visible such as: 
